Induction of Apoptosis by Cadmium and the Adeno-Associated Virus Rep Proteins  by Zhou, Changhong & Trempe, James P.
t
i
h
c
w
e
1
h
c
s
a
g
p
t
1
o
r
r
p
f
v
a
R
f
a
m
6
Virology 261, 280–287 (1999)
Article ID viro.1999.9882, available online at http://www.idealibrary.com on
0
C
AInduction of Apoptosis by Cadmium and the Adeno-Associated Virus Rep Proteins
Changhong Zhou and James P. Trempe1
Department of Biochemistry and Molecular Biology, Medical College of Ohio, 3035 Arlington Ave., Toledo, Ohio 43614-5804
Received March 26, 1999; returned to author for final revision June 8, 1999; accepted June 24, 1999
The parvoviruses exert antiproliferative effects on transformed cells in culture. The development of cell lines that inducibly
express the parvovirus nonstructural proteins have implicated these proteins in the limitation of cell growth. To study the host
cell interactions of the nonstructural proteins we have developed a human 293 cell line that expresses the adeno-associated
virus (AAV) rep gene upon induction with heavy metal salts. When induced with both Zn21 and Cd21, Rep protein expression
correlates with a cell cycle block in S phase (Yang, Q., Chen, F., and Trempe, J. P. (1994). J. Virology 68,7169–7177). However
when induced with Cd21 alone, the Rep proteins are expressed and the cells are killed. Production of a nucleosomal DNA
repeat pattern and degradation of poly-ADP ribose polymerase (PARP) suggest that killing occurs by apoptosis. These results
demonstrate that AAV Rep protein expression in chemically stressed cells is cytotoxic due to induction of apoptotic
pathways. © 1999 Academic PressKey Words: AAV; Rep protein; apoptosis; cadmium.
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Adeno-associated virus (AAV) is a human parvovirus
hat requires the help of a coinfecting virus to complete
ts replication cycle. Adenovirus (Ad) is the most efficient
elper virus but herpes simplex virus, vaccinia virus,
ytomegalovirus, Epstein–Barr virus, and papillomavirus
ill all support AAV replication (Atchison, 1970; Blacklow
t al., 1970; Dolin and Rabson, 1973; McPherson et al.,
985; Walz et al., 1997). AAV replicates in the absence of
elper coinfection when cultured cells have been syn-
hronized or treated with DNA-damaging agents (Yakob-
on et al., 1987, 1989; Yalkinoglu et al., 1988). In the
bsence of helper virus coinfection, AAV readily inte-
rates into the long arm of chromosome 19 where the
rovirus remains until “rescued” by helper virus coinfec-
ion (reviewed in Kotin, 1994).
The ends of the 4680-nucleotide AAV genome contain
45 base terminal repeat elements that serve as the
rigins of DNA replication (Srivastava et al., 1983). On the
ight side of the virus genome is a translation open
eading frame (cap gene) that encodes three structural
roteins that are synthesized from mRNAs originating
rom a transcription promoter at map unit 40 (p40). The
iral rep gene is located on the left half of the genome
nd encodes four replication (Rep) proteins designated
ep78, -68, -52, and -40. Rep78 and Rep68 are translated
rom mRNAs that originate from a transcription promoter
t map unit 5 (p5), whereas Rep52 and Rep40 come from
RNAs originating at a promoter at map unit 19 (p19)
1 To whom reprint requests should be addressed. Fax: (419) 383-
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042-6822/99 $30.00
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280reviewed in Berns and Giraud, 1996). Rep78 and Rep68
ediate DNA replication by binding to a Rep binding site
RBS) in the viral terminal repeat sequences and intro-
ucing a site-specific strand-specific cut at a terminal
esolution site 17 nucleotides away from the RBS (Im and
uzyczka, 1990; Snyder et al., 1990). Upon cleavage, the
ep protein becomes covalently attached to the 59 end of
he viral DNA. This process then allows for unwinding of
he closed end of the terminal repeat sequence and
ompletion of viral DNA synthesis. Rep78 also binds to a
ellular RBS in the chromosome 19 integration locus and
ntroduces a similar single-strand cleavage in the vicinity
f the RBS (Urcelay et al., 1995). AAV vectors that lack a
unctional rep gene do not integrate into the chromo-
ome 19 locus (Kotin, 1994). This suggests that Rep78
nd its endonuclease activity are essential for viral DNA
ntegration.
In addition to viral DNA replication and integration, the
ep proteins regulate both viral and cellular gene ex-
ression. In the absence or presence of Ad coinfection,
ep78 and Rep68 repress transcription by binding to a
BS in the p5 promoter (Beaton et al., 1989; Horer et al.,
995; Kyostio et al., 1995; Pereira et al., 1997). In the
resence of Ad coinfection, Rep78 and Rep68 activate
ranscription from the p19 and p40 promoters (McCarty et
l., 1991; Pereira and Muzyczka, 1997). In addition to
inding to RBS elements in viral DNA, the larger Rep
roteins interact with a growing collection of cellular
roteins that have various roles in gene expression. Rep
roteins have been reported to associate with Sp1 (Her-
onat et al., 1996; Pereira and Muzyczka, 1997), high
obility group nonhistone 1 (Costello et al., 1997), pro-ein kinase X (PrKX) and A (PKA) (Chiorini et al., 1998;
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281APOPTOSIS BY CADMIUM IN AAV REP PROTEINSiPasquale and Stacey, 1998), and PC4 (Weger et al.,
999). Rep association with Sp1 helps to mediate p40
rans-activation (Pereira and Muzyczka, 1997). Rep78, but
ot Rep68, associates with PrKX and PKA and has been
eported to inhibit the phosphorylation and activation of
AMP response binding protein (CREB) (Chiorini et al.,
998; DiPasquale and Stacey, 1998).
Analysis of established cell lines carrying proviral AAV
uggests that the helper virus-free infection is a relatively
nnocuous occurrence. However, helper virus-free AAV
nfection has been shown to alter cell cycle gene expres-
ion (Hermanns, 1997), promote differentiation-like ef-
ects, and induce late S-phase and/or G2-phase cell
ycle block (Yakobson et al., 1987; Klein-Bauerschmitt et
l., 1992; Winocour et al., 1988). These effects result in
nhibition of host cell proliferation and may stem from
xpression of the viral replication (rep) gene or from the
irion particle. Rep proteins exert antioncogenic effects
hat include inhibition of cellular transformation by bo-
ine papillomavirus (Hermonat, 1992) and by Ad E1a plus
n activated ras oncogene (Khleif et al., 1991). The Rep
roteins also inhibit replication of cellular and SV40 DNA
Yang et al., 1995), HIV-1 (Antoni et al., 1991), and Ad
Weitzman et al., 1996). Our laboratory has developed a
ell line (Neo6) that inducibly expresses the rep gene
nder the control of the mouse metallothionein I tran-
cription promoter (Yang et al., 1994). Induction of Rep
xpression results in inhibition of cellular DNA synthesis
nd interruption of the cell cycle in late G1 or early S
hase (Yang et al., 1994; Zhou et al., 1999). We also have
bserved that Rep expression and concurrent DNA dam-
ge results in apoptosis-like cell killing (Zhou et al.,
999). In this report, we have extended our studies of the
eo6 cell line and found that induction of Rep expression
ith CdSO4 alone, in the absence of DNA damage is
ytotoxic. Cellular DNA degradation yielding a nucleoso-
al repeat pattern and degradation of poly-ADP ribose
olymerase (PARP) indicates that Cd21/Rep-mediated
ell killing is an apoptotic event.
RESULTS
ytotoxicity of Cd21 induction of Rep expression
Neo5 and Neo6 cells were derived from human 293
ells (Yang et al., 1994). A 1970-bp AvaI fragment from nt
63-2233 in the AAV genome was placed under the
ontrol of the mouse metallothionein I transcription pro-
oter. The resulting plasmid, pDMtrep, was cotrans-
ected onto 293 cells with a neo gene-expressing plas-
id, and G418-resistant clones were selected. The Neo6
lone inducibly expresses the rep gene when ZnCl2 and
dSO4 are added to the culture medium. The Neo5 clone
oes not express Rep proteins upon heavy metal induc-
ion therefore we have used Neo5 cells as controls in our
tudies. We have recently demonstrated that the combi- wation of DNA damage and Rep expression in these
eo6 cells results in apoptosis-like cell killing that lacks
ignificant DNA fragmentation (Zhou et al., 1999). Zn21
alts are known to inhibit the endogenous nuclease that
egrades cellular DNA, yielding a nucleosomal repeat
attern upon DNA analysis (Sunderman, 1995). To deter-
ine whether the exclusion of Zn21 leads to chromo-
omal DNA degradation in response to Rep expression,
eo5 and Neo6 cells were treated with increasing con-
entrations of Cd21 alone. The cultures were harvested
6 h after induction; cellular DNA was isolated and sep-
rated by agarose gel electrophoresis. DNA degradation
nd the appearance of a nucleosomal repeat pattern are
pparent when Neo5 cells are treated with 12 mM CdSO4
Fig. 1), whereas DNA cleavage in Neo6 cells is ob-
erved in cells treated with only 4 mM CdSO4. The
eo5/6 cell lines are derived from Ad-transformed hu-
an 293 cells, which will go into apoptosis when treated
ith 12.5–37.5 mM CdCl2 (Hamada et al., 1996). Neo5
ells behave like the parental 293 cells whereas the
ep-expressing Neo6 cells are more sensitive to the
oxic effects of Cd21.
To verify that low concentrations of Cd21 are cytotoxic,
eo5/6 cells were treated with 2 and 4 mM CdSO4 for 4
ays, and cell proliferation was measured daily. Begin-
ing with the first day, Neo6 cells were killed by both
oncentrations of Cd21, whereas Neo5 cells were not
ffected (Fig. 2A). Immunoblot analyses of Rep protein
xpression revealed that Rep78 and Rep52 proteins
ould be detected within 16 h after induction (Fig. 2B).
hus Rep protein expression in Neo6 cells is correlated
21
FIG. 1. DNA fragmentation from Cd21 induction. Neo5 and Neo6 cells
ere treated with 0, 4, 8, 12, 20, or 36 mM CdSO4. Cellular DNA was
urified 16 h later and separated by agarose gel electrophoresis.
olecular weight size markers were run in the first lane on the left and
re indicated as base pairs.ith Cd cytotoxicity.
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282 ZHOU AND TREMPElteration of cell cycle and apoptosis-related proteins
Apoptosis is marked by alterations in the levels and
tability of various cellular proteins. One of the hallmarks
f apoptosis is the degradation of specific protein targets
y the caspase family of cysteine proteases (reviewed in
iller, 1997). One such target is poly-ADP ribose poly-
erase (PARP). PARP is a 117-kDa protein involved in
NA repair that is cleaved by caspase 3 into a signature
3-kDa peptide fragment (Lazebnik et al., 1994; Gu et al.,
995). To determine whether PARP is similarly degraded
n Rep-expressing cultures, Neo5/6 cells were treated
ith Cd21 for #4 days. Cellular extracts were prepared
n each day and analyzed by immunoblot analyses using
nti-PARP (Fig. 3). PARP begins to diminish at 3 days of
d21 treatment in Neo6 cells and the signature 83-kDa
ragment is evident by Day 4. However in Neo5 cells
here was no corresponding diminution of PARP at any of
he time points. These results are a further verification
hat Neo6 cells are undergoing apoptosis in response to
d21 and Rep expression.
A growing number of cellular proteins have been iden-
ified as regulators of apoptosis. The cell cycle regulator
53 plays a role in apoptosis by regulating the pro-
poptotic bax and antiapoptotic bcl-2 genes. Overex-
ression of the bcl-2 gene protects cells from apoptosis
Reed, 1997). Although the bcl-2 promoter is not regu-
ated by p53, the 59 untranslated region of bcl-2 mRNA
as been reported to confer negative regulation by p53
Myashita et al., 1994). The pro-apoptotic bax gene con-
ains p53 response elements and is transcriptionally
FIG. 2. Viability of Cd21-treated Neo5/6 cells. Cells were plated in
4-well dishes and induced with 2 or 4 mM CdSO4. (A) Viability assays
ere performed daily for 4 days. The assays were performed in tripli-
ate and repeated twice. Neo6 cells were treated with 2 mM ( – – – ),
r 4 mM (x——x) CdSO4. Neo5 cells were treated with 2 mM (F - - - F)
r 4 mM (n——n) CdSO4. (B) Neo5/6 cells were induced with 4 mM
dSO4; cellular extracts were prepared at the indicated times and
nalyzed by SDS–PAGE and immunoblot.ctivated by the p53 protein (Myashita and Reed, 1995). vo determine whether these apoptosis-related proteins
re affected, Cd21 induction in Neo5/6 cells was per-
ormed and cellular extracts analyzed by immunoblotting.
n Neo6 cells, Cd21 induced Rep78 expression as ex-
ected (Fig. 4). There was an immediate decrease in p53
evel after 1 day of Cd21 treatment. Significant decreases
n Bax and Ras were detected on the third day of treat-
ent. However, in Neo5 cells, p53 showed a decrease
eginning on the third day and Bax and Ras did not
hange. Surprisingly, the antiapoptotic Bcl-2 and Bcl-XL
ere not affected in either cell line. We have previously
bserved a decrease in p53 levels in Neo6 cells that also
ere treated with UV light (Zhou et al., 1999), whereas
nduction of Rep in the absence of additional cellular
tress does not result in alteration of p53 levels (Zhou, et
l., 1999). Decreased p53 may in turn explain the loss of
ax protein.
d21 and Rep expression are cytotoxic in Neo5 cells
The toxic effects of Cd21 on Neo6 cells may be merely
ue to clonal sensitivity to the heavy metal treatments
FIG. 3. PARP degradation in Neo6 cells. Neo5/6 cells were induced
ith Cd21 and harvested at the indicated times. Cellular extracts were
nalyzed by immunoblot using PARP antibody. The locations of the
ull-length PARP and the 83-kDa primary degradation product are indi-
ated at the right.
FIG. 4. Rep78 and apoptosis-related protein expression. Neo5/6
ells were induced with Cd21 and harvested at the indicated times.
ellular extracts were analyzed by immunoblot. The locations of thearious proteins are indicated at the right.
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283APOPTOSIS BY CADMIUM IN AAV REP PROTEINSnd may not reflect Rep protein expression. To test this
ypothesis, we investigated the effects of Rep expres-
ion and Cd21 treatment on Neo5 and HeLa cells. Each
f the cell lines was transfected with control or Rep-
xpressing plasmids and treated with 4 mM CdSO4. Vi-
bility assays were performed over the following 3 days.
n the absence of Cd21, there was no growth inhibitory
ffects on cells transfected with the control, pCDM8, or
he Rep mutant, pCDM812, plasmids (Fig. 5A). However
n pCDMrep-transfected cultures there was an initial
ecrease in viability followed by a recovery. The pCDM-
ep plasmid expresses a normal AAV rep gene and
CDM812 expresses a mutant form of the Rep78 protein
hat retains none of the protein’s normal functions (Yang
t al., 1992; Yang and Trempe, 1993). When similar trans-
ections were performed in Neo5 cells treated with Cd21,
he pCDMrep-transfected cells displayed an initial de-
rease in survival but did not recover as occurred in the
bsence of Cd21 treatment (Fig. 5B). There were also
oxic effects observed in cells transfected with pCDM8
nd pCDM812. Immunoblot analyses revealed that Rep
rotein expression from pCDMrep and pCDM812 was
omparable in both the presence and absence of Cd21
reatment (results not shown). However there was a
hree- to fourfold lower viability after 3 days in the pCD-
rep-transfected cultures compared with the other
ransfections. These experiments were also replicated in
eLa cells. However there were no obvious differences
n any of the transfections performed in HeLa cells (re-
ults not shown). These results suggest that there are
ell type-specific differences in cellular responses to
21
FIG. 5. Rep and Cd21 toxicity in plasmid-transfected Neo5 cells. N
ransfected with pCDM8 (E - - - E), pCDMrep (——), or pCDM812 (F
ithout DNA. After transfection (7 h), the cultures were treated with Cd21
n (B) were treated with 4 mM CdSO4, whereas those in (A) were left und /Rep-mediated toxicity. pDISCUSSION
The nonstructural (NS) proteins encoded by the par-
oviruses are required for both viral DNA replication and
irion assembly. In addition to normal viral functions,
hese proteins exert antiproliferative effects on host
ells. In this report, we describe the induction of apopto-
is in a cell line (Neo6) that expresses the AAV Rep
roteins after treatment with Cd21. Indicators of apopto-
is include the production of a nucleosomal DNA repeat
attern and degradation of PARP. Previous studies on the
eo5/6 cell lines revealed cytotoxicity resulting from
NA damage (from UV light or cisplatin treatment) and
oncurrent Rep expression. We believe that the additive
ffects of cellular stress (DNA damage or Cd21) and Rep
xpression, induces cell killing. Cd21 is a systemic poi-
on that affects many cell functions. At elevated levels,
d21 inhibits DNA, RNA, and protein synthesis, and it
nduces lipid peroxidation, DNA strand breaks, and chro-
osome aberrations. However, at micromolar concen-
rations in some cell lines, it stimulates the expression of
mmediate early response genes (c-fos, c-jun, and c-myc)
nd stimulates DNA synthesis (reviewed in Beyersmann
nd Hechtenberg, 1997). At 2–4 mM Cd21 in Neo5 cells,
e observed a decrease in p53 on the third day of
nduction. However, there were no alterations in Ras,
cl-2, Bax, or Bcl-XL protein levels. In the Rep-expressing
eo6 cells, we observed a substantial decrease in p53
n the first day of induction. There was also a decrease
n Bax and Ras in response to Cd21 induction. In previous
ork, we did not see a Rep-dependent decrease in p53
lls were plated in 24-well dishes and mock-transfected (——) or
). The mock-transfected cultures were treated with Lipofectamine but
lity assays were performed on each of the indicated days. The cultures
. These experiments were performed in triplicate and repeated twice.eo5 ce
- - - F
. Viabirotein (Zhou et al., 1999) or mRNA levels (unpublished
d
H
a
i
t
c
c
a
l
a
p
c
e
n
C
A
f
d
p
e
p
n
w
c
s
o
t
f
U
H
e
v
a
c
A
H
A
i
a
d
i
p
c
T
t
T
E
p
o
w
A
a
r
i
E
m
i
b
e
s
r
t
(
e
c
m
r
s
i
t
N
N
i
p
m
C
e
t
a
c
n
p
s
c
n
b
g
t
c
n
i
M
s
s
a
e
w
(
B
I
r
(
r
c
284 ZHOU AND TREMPEata) in Neo6 cells induced with both ZnCl2 and CdSO4.
owever, when DNA damage from UV light or cis-platin-
ccompanied Rep expression, we observed a decrease
n p53 protein (Zhou et al., 1999). Therefore we believe
hat the p53 decrease we have observed is due to the
ombined effects of Rep and cellular stress. The de-
rease in Bax levels is also not due to Rep expression
lone (Zhou et al., 1999) and may be explained by the
oss of p53 and its transactivation of this gene (Myashita
nd Reed, 1995). The AAV Rep78 protein has been re-
orted to downregulate the H-ras expression; this is
onsistent with our observations (Hermonat, 1991). How-
ver, it is possible that both Rep and Cd21 may be
ecessary for the downregulation observed here.
In plasmid transfection experiments, we observed
d21/Rep protein-dependent cytotoxicity in Neo5 cells.
lthough we observed some cytotoxicity in mock trans-
ected-Cd21-treated cells, the most extensive killing was
ependent upon wild-type Rep expression. A mutant Rep
rotein that does not retain any normal function does not
xert comparable cytotoxic effects even though both
roteins were expressed at comparable levels (results
ot shown). In these experiments, the level of cell killing
as not as wide spread as in the Cd21-induced Neo6
ells. This is likely due to the inefficiency of Rep expres-
ion after plasmid transfection. In HeLa cells, we did not
bserve similar Rep/Cd21 toxicity. This suggests that
here are cell type differences in the Rep protein’s ef-
ects. Such differences have been observed previously.
nlike 293 cells, inducible expression of the rep gene in
eLa cells does not result in a cell cycle block (Holscher
t al., 1994). Infection of HeLa cells with rep1/neo AAV
ectors does not inhibit the establishment of neor clones
s occurs in 293 cells (Tratschin et al., 1985). Thus HeLa
ells are not as susceptible to the inhibitory effects of the
AV rep gene.
One possible explanation for the differences between
ela and 293 cells is the constitutive expression of the
d E1a and E1b genes in 293 cells. Both of these Ad
mmediate early genes are known to play roles in cellular
poptosis (reviewed in White, 1995). E1a expression in-
uces both p53 protein expression and apoptosis. E1a-
nduced apoptosis is linked to its ability to stimulate cell
roliferation. Mutations in E1a that alter the induction of
ell proliferation also affect the induction of apoptosis.
he E1b gene contributes to the transforming potential of
he Ad immediate early genes by suppressing apoptosis.
he E1B 19K protein inhibits p53-dependent apoptosis.
1B 19K behaves as a functional equivalent of the Bcl-2
rotein. In Cd21-induced Neo6 cells, we observed a loss
f p53 and maintenance of Bcl-2 protein levels. However,
e have not yet investigated how Rep expression affects
d E1A and E1B 19K protein levels. It is possible that Rep
lters the levels of these Ad immediate early proteins
esulting in an induction of apoptosis. Zn21- and Cd21-
nduced induction of Rep in Neo6 cells does not affect p1A levels (results not shown). However, we have yet to
easure the level of E1A and E1B proteins in Cd21-
nduced cultures.
The study of parvovirus NS-host cell interactions has
een facilitated by the development of cell lines that
xpress NS genes under the control of inducible tran-
cription promoters. Among the autonomous parvovi-
uses, the B19 NS1 protein induces apoptosis in ery-
hroid lineage cells that inducibly express the protein
Moffat et al.,1998). NS1 induces activation of IL-6 gene
xpression (Moffat et al.,1996), but this activation is not
oupled to apoptosis. Induction of the minute virus of
ice (MVM) NS1 protein expression blocks cellular DNA
eplication (Op De Beek and Caillet-Fauquet, 1997). Pre-
umably NS1 induces lesions in the cellular DNA upon
nduction, and this results in inhibition of cell prolifera-
ion. Like these studies of the autonomous parvovirus
S1 proteins, our investigations with the Rep-expressing
eo6 cell line have provided insight into Rep-host cell
nteractions. However, the biochemical mechanisms of
arvovirus Rep and NS protein-mediated cytotoxicity re-
ain to be determined.
MATERIALS AND METHODS
ells and antibodies
Neo5 and Neo6 cell lines were derived from human
mbryonic kidney, 293, cells (Yang et al., 1994). Briefly,
he lines were obtained by cotransfecting 293 cells with
plasmid that expresses the AAV rep gene under the
ontrol of the heavy metal inducible, mouse metallothio-
ein transcription promoter, and a plasmid that ex-
resses the neo resistance gene. Individual clones were
elected and screened for Rep protein expression. Neo6
ells express functional Rep78, whereas Neo5 cells do
ot express the protein. Thereafter the Neo5 line has
een used as a control for Neo6 cells. The cells were
rown in Eagle’s minimum essential medium (MEM) con-
aining 10% dialyzed fetal bovine serum, 1 mg of geneti-
in (GIBCO BRL) per milliliter (708 mg/ml active compo-
ent), penicillin, and streptomycin (GIBCO BRL) at 37°C
n a 5.0% CO2 atmosphere. HeLa cells were grown in
EM containing 10% fetal bovine serum, penicillin, and
treptomycin (GIBCO BRL) at 37°C in a 5.0% CO2 atmo-
phere. Immunoglobulin G-fractionated anti-Rep rabbit
ntiserum was used in immunoblots as described (Zhou
t al., 1999). Monoclonal mouse anti-p53 antibody (OP09)
as purchased from Oncogene Science. Sheep anti-Ras
OA-11–866) was purchased from Cambridge Research
iochemicals. Peroxidase-conjugated donkey anti-sheep
gG was purchased from Sigma Chemical Co. Polyclonal
abbit anti-Bax (sc-526), mouse monoclonal anti-Bcl-2
sc-509), goat polyclonal anti-PARP (N-20, sc-1561), and
abbit anti-Bcl-XL (H-62, sc-7195) antibodies were pur-
hased from Santa Cruz Biotechnology, Inc. Alkaline
hosphatase-conjugated goat anti-rabbit IgG was pur-
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285APOPTOSIS BY CADMIUM IN AAV REP PROTEINShased from Pierce Chemical Co. Alkaline phosphatase-
onjugated goat anti-mouse IgG was purchased from
ife Technologies. Horseradish peroxidase conjugated
nti-goat IgG (sc-2020) were purchased from Santa Cruz
iotechnology.
lasmids and transfections
The pCDMrep plasmid contains the AAV rep gene
rom nt 263-2233 in the pCDM8 plasmid (Invitrogen). The
CDMrep plasmid expresses fully functional Rep pro-
eins (Yang et al.,1992). The pCDM812 plasmid contains
6-bp insertion at nucleotide 812 in the AAV genome.
his plasmid does not bind to AAV hairpin DNA nor does
t retain any normal Rep protein function.
Neo5 cells (5 3 105) were plated in 24-well dishes.
ach well was transfected with 0.4 mg of plasmid DNA
sing the Lipofectamine reagent according to the man-
facturer’s recommendations (Life Technologies). Six-
een hours after transfection the cultures were treated
ith 2 mM CdSO4. Viability assays were performed on
he cultures on each of the following 3 days.
nduction of Rep expression and Western analyses
For the analysis of Rep and cellular proteins, 2 3 106
eo5 and Neo6 cells were plated in 10-cm dishes. Cul-
ures were harvested at the indicated times after addition
f 2 mM CdSO4 to the culture medium. Cells were har-
ested by scraping into culture medium and pelleted at
000 g for 5 min. The cell pellets were washed twice in
BS/Mg (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 x
H2O, 1.4 mM KH2PO4, 5 mM MgCl2) and were incubated
n ice in 100 ml of IPP buffer containing proteinase
nhibitors (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 20 mM
DTA, 0.5% Nonidet-P40, 1.0 mM phenylmethylsulfonyl
luoride, 0.1 mM dithiothreitol, 0.1 mg/ml leupeptin, 0.1
g/ml pepstatin, and 0.1 mM benzamidin). Cell debris
as removed by centrifugation at 10,000 g, 4°C for 20
in. Protein concentrations were determined by the Bio-
ad Protein Assay according to the manufacturer’s in-
truction. The protein samples were heated at 100°C for
min in sodium dodecyl sulfate-polyacrylamide gel elec-
rophoresis (SDS–PAGE) sample buffer, equal protein
mounts were separated on 10% SDS-PAGE gels at 14
A overnight and transferred to nitrocellulose filter mem-
ranes using a Trans-Blot SD Semi-dry Transfer Cell
Bio-Rad) following the manufacturer’s instructions. The
ilter was blocked in 2% dry milk in PBS for 1–2 hr and
hen cut into strips and incubated with appropriate pri-
ary antibodies diluted 200-fold in PBS containing 1%
ry milk for 2 hr at room temperature or overnight at 4°C,
ollowed by three washes, 10 min each, in PBS contain-
ng 0.05% Tween 20. Appropriate alkaline phosphatase-
onjugated secondary antibodies were diluted 2000-fold
n PBS containing 1% dry milk and incubated with the
lots for 1 h at room temperature. After three washes bith PBS-Tween 20 buffer, the blots were stained with
BT and BCIP for 5–20 min. ECL Western blotting detec-
ion reagents (Amersham Pharmacia Biotech) were used
o detect Ras and PARP proteins.
iability assays
To determine cell viability, a rapid colorimetric assay
as employed as described (Mossman, 1983) with some
odifications. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
yl tetrazolium bromide (MTT; Sigma Chemical Com-
any) stock solution was prepared by dissolving MTT in
hosphate-buffered saline (PBS), pH 7.5, at a concentra-
ion of 5 mg/ml and filtered with 0.2-mm syringe filter for
terilization and to remove insoluble residue. Before use,
he stock solution was diluted 10-fold in phenol red-free
agle’s minimum essential medium (MEM) (Life Technol-
gies) and warmed to 37°C. The initial culture media in
4-well plates was replaced by 250 ml of the MTT-con-
aining MEM followed by a 4-h incubation of the plates at
7°C in a humidified 5% CO2 atmosphere. The medium
as removed by aspiration, and 200 ml of stop solution
0.04 N HCl in isopropanol) was added to each well. After
haking vigorously at room temperature for 1 h to dis-
olve the formazan crystals, 100 ml of stop solution from
ach well was transferred to a 96-well plate and absor-
ance at 595 nm was measured on a Thermomax micro-
late reader (Molecular Device Corp.). Percentage via-
ility was determined from the absorbance of the treated
ultures divided by the absorbance of the culture at time
ero in Fig. 1.
NA fragmentation assay
To analyze chromosomal DNA after Cd21 treatment,
ultures were grown in 6-cm dishes and induced with
ncreasing concentrations of the heavy metal. After 16 h
f induction the cultures were harvested by scraping into
BS/Mg buffer. After two washes in PBS/Mg, low molec-
lar weight DNA was isolated in phosphate-citrate (PC)
uffer (14 parts of 0.2 M Na2HPO4 and 1 part of 0.1 M
itric acid, pH 7.8) as described (Gong et al., 1994) with
odifications. Briefly, cell pellets from each dish were
esuspended in 100 ml of PBS/Mg and then mixed with 1
l of ice-cold 70% ethanol. The cell suspensions were
tored at 220°C for 24 h. The cells were then spun down
t 800 g for 5 min and resuspended in 40 ml of PC. After
30-min incubation at room temperature, the cells were
emoved by centrifugation at 1000 g for 5 min, and the
upernatant were concentrated in a SpeedVac desicca-
er (Savant Instruments Inc., Farmindale, NY) for 20 min.
ubsequently, 3 ml of 0.25% Nonidet-P40 (Sigma Chem-
cal Co.) in distilled water and 3 ml of RNase Cocktail
Ambion) were added and incubated at 37°C for 30 min.,
ollowed by an additional 30 min incubation at 37°C with
ml of proteinase K (10 mg/ml, Life Technology). Loadinguffer (8 ml; 0.25% bromphenol blue, 0.25% xylene cyanol
F
l
b
s
C
A
A
B
B
B
B
C
C
D
D
G
G
H
H
H
H
H
H
I
K
K
K
K
L
M
M
M
M
M
M
M
M
O
P
P
R
S
286 ZHOU AND TREMPEF, 30% glycerol) was added, and the entire extract was
oaded onto 1.5% agarose gel. The DNAs were separated
y electrophoresis and visualized by ethidium bromide
taining.
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